Overview of the role of endothelial cells
The body's microvasculature comprises an extensive network of capillary endothelial cells (ECs) that connects the arterioles to venules. This microvascular bed has historically been perceived as a passive conduit for delivering oxygen and nutrients, modulating local blood flow and blood coagulation, and regulating the transportation of cells, such as inflammatory cells. 1, 2 Recent work demonstrates that these cells also function to sustain the homeostasis of resident stem cells and to guide the regeneration and repair of adult organs without provoking fibrosis. 3 Recent microanatomical observations have revealed a very consistent perivascular microstructure where epithelial, hematopoietic, mesenchymal, and neuronal cells, together with their corresponding stem and progenitor cells, reside in proximity to capillary ECs. Further genetic and biochemical studies have shown that ECs serve as a fertile, instructive niche that has important roles in homeostasis, metabolism, and directing organ regeneration. 3, 4 Tissue-specific ECs regulate these complex tasks by supplying the repopulating cells with stimulatory and inhibitory growth factors, morphogens, extracellular matrix components, and chemokines. These EC-derived paracrine factors are collectively known as angiocrine factors 5, 6 ( Table 1 ). The term "angiocrine" emphasizes the biological significance of the instructive factors produced by the ECs that influence the homeostasis of healthy and malignant tissues. 6 Angiocrine factors comprise secreted and membrane-bound inhibitory and stimulatory growth factors, trophogens, chemokines, cytokines, extracellular matrix components, exosomes, and other cellular products that are supplied by tissue-specific ECs to help regulate homeostatic and regenerative processes in a paracrine fashion. These factors also play roles in adaptive healing and fibrotic remodeling. 7 Tissue-specific stem and progenitor cells are strategically positioned in close proximity to homotypic doi: 10.1111/nyas.13575 Mathieu et al. 103 
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capillary ECs. This intimate cellular interaction facilitates the delivery of membrane-bound and soluble angiocrine factors from specialized ECs to the recipient cells, which are located on the basolateral surfaces of blood vessels. Tissue-resident parenchymal and stem cells regulate the activation state and response of ECs to regenerative stimuli through the production of angiogenic factors. 3 Interest in what is known as the "microvascular niche" began in the mid-1990s with a series of bone marrow EC (BMEC) isolation and coculturing studies that proved the sufficiency of BMECs in maintaining hematopoietic stem cell engraftment, expansion, and differentiation. 8, 9 In the original studies, this was shown to occur in a fashion superior to that triggered by human umbilical vein ECs-a classical source of in vitro ECs. Later data showed that clonal expansion of stem cells while maintaining their multipotent phenotype was possible in a BMEC-rich milieu. 10 The data supported the hypothesis that local microvascular niches of tissues produce optimal complements of soluble factors and signals, in terms of both concentration and temporal expression profile, to stimulate and support local stem cell expansion and differentiation.
In the setting of pathophysiological stress (e.g., exposure to ionizing radiation, chemical injury, or hypoxic conditions) or loss of tissue mass, defined angiocrine factors emanate from activated ECs. The activated ECs relay inflammatory and injuryinduced angiocrine signals to quiescent tissuespecific stem cells, which drives regeneration and enforces developmental set points to reestablish homeostatic conditions. 3 Microvascular ECs therefore fulfill the criteria for "professional niche cells" that choreograph tissue regeneration by cradling and nurturing stem cells with physiological levels and proper stoichiometry of angiocrine factors. Tissue-and organ-specific capillary ECs are now being recognized as specialized cells that, through balanced physiological expression of angiocrine factors, maintain stem cells' capacity for quiescence and self-renewal. Spatially and temporally coordinated production of angiocrine factors after organ injury initiates and completes organ regeneration. These findings raised the possibility that the inherent proregenerative potential of tissuespecific endothelium could be used therapeutically to orchestrate fibrosis-free healing; restore native, original microarchitecture; and reestablish homeostasis in numerous tissue types. 3 Here, we discuss the role of ECs, current cellbased approaches, and the potential advantage of using ECs in soft tissue repair.
Role of endothelial cells in tissues
ECs in specific tissues work together, cross-talking with other cells in the organ. In this paragraph, ECs in bone marrow, liver, and lung are discussed as representative examples.
The bone marrow stromal environment consists of myriad cells, including fibroblasts, ECs, adipocytes, and osteoclasts, and a complex network of extracellular matrix within which hematopoiesis occurs. The importance of the interplay between the bone marrow stroma and bone marrow progenitors in enabling hematopoiesis has been well established for many decades. [11] [12] [13] However, research has focused on the stem cell-stroma interaction, and for a period of time little was known about the stromal environment beyond the fact that it created the necessary microenvironment for successful hematopoietic self-renewal and differentiation. Traditional understanding of hematopoiesis thus tended to simplify marrow stroma as a singular supportive entity for the more important hematopoietic pathways, failing to acknowledge that the stroma is actually a dynamic and highly heterogeneous tissue that drives marrow function.
The specific importance of BMECs in the stem cell-stroma interaction remained largely unknown, as these cells were felt to play a minor role in the total mass of the marrow stroma. Focus on the BMEC as a central player in immunity and hematopoiesis rather than as a simple conduit allowing immune and hematopoietic cell adhesion and trafficking is a relatively new and burgeoning field and is currently a hotly contested area of research owing to the promises of regenerative medicine.
The three-dimensional (3D) structure of bone marrow vascular niches is complex, involving variations in capillary structure and permeability, which are in turn linked to various degrees of functional variation. For instance, arterial BMECs demonstrate low reactive oxygen species (ROS) permeability and are associated with highly quiescent hematopoietic stem and progenitor cells (HSPCs). In contrast, sinusoidal BMECs demonstrated high ROS permeability and are associated with actively differentiating HSPCs as well as acting as hot spots for leukocyte trafficking. 13 In addition to phenotypic variability, ECs demonstrate phenotypic plasticity as well, as shown by the potential for in vitro conversion of mature ECs into hematopoietic progenitor cells 14 and conversely by differentiation of bone marrow-derived mesenchymal stem cells (MSCs) into ECs. [15] [16] [17] Following studies that described BMECs came the discovery of BM-derived endothelial progenitor cells (BMEPCs). [18] [19] [20] [21] It is thought that the bone marrow contains not just ECs that form endothelial tissues but also endothelial progenitor cells (EPCs) that can be mobilized to the peripheral circulation and participate in distant neovascularization events. Studies on BMEPCs have since exploded as a result of their potential value in cellular transplantation. Early evidence has shown their potential to improve outcomes in tissue regeneration, including in cardiac ischemia, [22] [23] [24] recurrent miscarriages due to placental vascular insufficiency, 25 intracranial bleed, 26 stroke, [27] [28] [29] and traumatic brain injury 30 and in repairing soft tissue defects. 31 BMEC dysregulation has also been implicated in myelodysplastic syndrome, 32 multiple myeloma, 33 acute myeloid leukemia, 34, 35 and other animal cancer models 19, 36 and as a player in tumor neoangiogenesis. To date, there is little data on direct human transplantation of BMEPCs; thus far, clinical trials demonstrated no significant difference in EPC-treated end-stage limb ischemia 37, 38 and orthopedic nonunion. 39 There remains much optimism for EPC-based cell therapy, derived from the bone marrow or otherwise, pending larger studies that show human clinical efficacy.
Liver sinusoidal ECs (LSECs) are unique ECs in both morphological and functional aspects. In liver organogenesis during embryogenesis, vasculogenic ECs are known to play a critical role in the early stage before the development of systemic circulation. 40 LSECs produce specific angiocrine factors, including WNT2 and WNT9B, to modulate the proliferation of the hepatocytes that repopulate the liver. 41 Under homeostatic conditions, the repopulating potential and zonation of hepatocytes are established by angiocrine factors from LSECs.
Liver regeneration is a fundamental response to liver injury and involves sequential changes in gene expression, growth factor production, and morphologic structure. It also appears that LSECs have a dual role in controlling the regeneration of the liver and provoking tissue fibrosis. After an acute injury to the liver, the angiocrine factors promote fibrosisfree repair. 7 On the other hand, chronic injury to the liver leads to the upregulation of factors that shift the balance to angiocrine secretion of profibrotic transforming growth factor-␤1 (TGF-␤1) and BMP2, leading to fibrosis. 7 Thus, LSECs play an important role in governing the homeostasis and regeneration of pathological changes in the liver.
The lung alveoli are highly vascularized, with pulmonary capillary ECs (PCECs) lining all alveoli. Lung organogenesis during embryogenesis is influenced by the cross talk between alveolar epithelial cells (AECs) and mesenchymal cells. PCECs are required for lung regeneration after injury by producing specific angiocrine factors. 42 Following lung injury, activation of PCECs then triggers upregulation of MMP-14, which leads to activation of the epidermal growth factor (EGF) receptor on AECs to enhance proliferation of AECs, resulting in neoalveologenesis. 43 The potential role of engineered ECs in therapeutic approaches: endothelial cell activation by E4ORF1 transfection Although ECs are quiescent and long-lived with an average half-life of years in vivo, when they are removed from blood vessels and cultured in vitro, they die quickly. 44 Maintenance of primary ECs (PECs) in vitro requires the use of enriched EC growth medium that is supplemented with serum; proangiogenic factors, including vascular endothelial growth factor (VEGF)-A, fibroblast growth factor (FGF)-2, EGF, and insulin-like growth factor; and EC growth supplement. [45] [46] [47] Notably, deprivation of PECs for a few hours from these growth factors causes rapid cell death. 44, 48 Therefore, the use of PECs as feeder cells must be performed in the presence of EC growth medium, which artificially affects the growth of cocultivated stem and tumor cells, providing a major confounding variable in such studies. 49 To overcome these difficulties, PECs have been immortalized with human telomerase reverse transcriptase or simian virus 40 large T and polyoma middle T oncogenes. 50 However, activation of proliferative phospho-MAPK (pMAPK) signaling pathways in these cell lines has resulted in generation of dysregulated ECs that are either serum dependent or have acquired transformed phenotypes atypical of PECs. Furthermore, because of a high metabolic rate, immortalized PECs deprive the cocultured stem and tumor cells of nutrients, eventually resulting in cell death.
In the late 1990s, it was found that the adenovirus (Ad)-early region 4 (E4) gene complex maintains angiogenic properties of PECs by modulating the migration and apoptosis of PECs. 51 The gene products encoded by Ad-E4 are essential for virus replication, modulating the cell cycle, apoptosis, and cell signaling. 52 Ad-E4 products promote PEC survival through increasing Src kinase and PI3-kinase phosphorylation and by reducing caspase-3 activity. 53 In fact, Ad-E4 mRNA contains seven ORFs, suggesting that E4 encodes at least six gene products (E4ORF1-E4ORF6/7). Among E4 ORFs, E4ORF1 primarily affects survival but not cell proliferation. 54, 55 It was further discovered that the adenoviral E4ORF1 gene product maintains long-term survival and facilitates organ-specific purification of PECs in serum/cytokine-free conditions while preserving their in vivo angiogenic potential for tubulogenesis and sprouting. The development of serum-free and xenobiotic-free coculture platforms by E4ORF1 + ECs enables researchers to molecularly "eavesdrop" on the cross talk between ECs and tissue-repopulating stem cells. This could uncover the pathways that regulate the expression of tissue-specific angiocrine factors that are transcriptionally and biophysically induced.
The prosurvival effect of E4ORF1 is caused by activation of the PI3K-Akt signaling pathway. Inhibition of both mammalian target of rapamycin (mTOR) and nuclear factor B (NF-B) signaling was essential to completely abrogate the prosurvival effect afforded by the E4ORF1 gene. These results suggest that the E4ORF1 protein enhances the survival of PECs mainly by recruiting the PI3-kinaseAkt/mTOR and PI3-kinase-Akt/NF-B pathways without oncogenic transformation, and, additionally, E4ORF1 activation of the FGF2/FGFR1 pathway might also contribute to the survival of PECs.
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E4ORF1 is now commercially available (VeraVec ECs (VVECs), Angiocrine Bioscience; Fig. 1 ). Introduction of E4ORF1 allows ECs to survive and grow outside the body, secrete tissue-specific angiocrines at physiological levels, initiate the process of tissue regeneration, and expand ECs that maintain the phenotypic fidelity from different sources. VVECs can be prepared from any source of ECs (from different organs or from embryonic vessels and from human or animal vessels). 50, 56 In fact, Angiocrine Bioscience has prepared a VVEC library from different sources. VVECs are kept in a state of activity that simulates in vivo inductive angiogenesis, where injured tissues demand that vessels proliferate and produce angiocrine factors required for repair/regeneration. Additionally, so far VVECs have not demonstrated any malignant potential and could be adapted to comply with regulatory clinical guidelines. Thus, these engineered ECs provide an ideal platform for interrogating the angiocrine function of ECs in models of organ regeneration and for translating the proregenerative therapeutic potential of these cells to the clinical setting.
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A review of current cell-based approaches in soft tissue repair in orthopedics Cell-based approaches have become increasingly popular as a means to augment healing in modern medicine and surgery. The number of available options is regularly increasing, and both physicians and investigators have a large number of cell types to choose from for research or therapeutic purposes. By definition, cell-based therapies involve injection/inoculation/implantation of living cellular elements into patients. Modern orthopedics, in particular, has been a thriving arena for various cell-based therapeutic options.
Cell sources used in orthobiologics include embryonic stem cells (ESCs), induced pluripotent stem (iPS) cells, MSCs, EPCs, or differentiated cells.
Due to far-reaching ethical issues, the use of pluripotent stem cells derived from human embryos is heavily regulated, and therefore is not readily accessible for research and therapeutic purposes. In the United States, these cells can only be used through an U.S. Food and Drug Administration (FDA)-approved trial after a stringent review process. 57 Of note, from a safety standpoint, a serious consideration is that ESC and iPS cells may harbor tumorigenic potential. It has been demonstrated that if these cells are injected in an undifferentiated state, they can potentially cause teratomas, and mice generated from iPS cells may show high rates of neoplasia. 58, 59 MSCs are by far the most widely used adult stem cells. Although bone marrow and adipose tissues are currently the most popular sources of MSCs because of less elaborate procurement methods, these cells can be obtained from almost all tissue types, 60 including tendons and ligaments. Bone marrowderived MSCs can differentiate into several types of connective tissue, including cartilage, bone, tendon, ligament, adipose, and muscle. [61] [62] [63] All tissues aside from cartilage and cornea have blood vessels that provide nutrition. Furthermore, it has been reported that the vascular niche plays a crucial role in homeostasis, proliferation, and differentiation of intrinsic local stem cells during regeneration of tissue. 7 Thus, neovascularization not only supplies nutrition but also improves the microenvironment for tissue regeneration. The EPCs, which are characterized by CD34 and CD133 expression, have been considered as a promising cell source for tissue regeneration. EPCs are able to differentiate into ECs and contribute to neovascularization. 21 Furthermore, EPCs secrete angiocrine factors, such as VEGF, hepatocyte growth factor, platelet-derived growth factor (PDGF), and monocyte chemotactic protein 1. 64 EPCs have been evaluated for treatment of ischemic disease in animal models and clinical studies. More recent studies have provided early data to support the use of EPCs to enhance healing of tendon and ligament injury ( Table 2) . It has been reported that the transplantation of EPCs increased the expression of VEGF in the torn ligament and enhanced the vascularization and repair of ligament in rat medial collateral ligament injury models. Finally, differentiated cells, such as tenocytes, chondrocytes, and tissue-specific ECs, are fully differentiated and are being increasingly considered for cell-based studies, since using differentiated cells would carry less risk of teratoma formation and fewer ethical concerns.
When it comes to actual application of a cellbased biologic, selection of an effective delivery technique is a crucial step to consider. Currently, there is no consensus about the ideal carrier construct, as few clinical data are available for cellbased approaches in tendon repair. 59 However, two major delivery categories are direct injection of a cell suspension alone and implantation of cells that are placed in a matrix carrier vehicle. The majority of studies on tendons have used some form of a scaffold-gel suspensions, 3D scaffolds of solid tissue, or combinations thereof-for local delivery of cells, 59 with the fibrin sealant being the most widely used gel scaffold. 67, 68 Other scaffolds included collagen gel, 69 gel-collagen sponge composites, 70 and decellularized slices of tendon. 71 MSCs have been a focus of intense in vitro and preclinical/animal research. Their ability to differentiate into specific lineages, including a tenogenic lineage, makes them a promising cell source for tendon and tendon-to-bone repair. Bone marrow was first described as a viable source of MSCs (BMMSCs) in 1970 by Friedenstein et al. 72 Bone marrow is the standard and most common source of autologous MSCs with the ability to biologically augment various tendon healing sites. Gulotta et al. demonstrated that allogeneic BM-MSCs transduced with the gene for scleraxis (SCX) improved tendon healing in a rat rotator cuff model, as shown by histological and biomechanical analysis. 73 They showed that SCX led to a significance increase in the strength of repair and the amount of fibrocartilage at 4 weeks. Recently, human BM-MSCs have been transplanted in an athymic rat rotator cuff tendon repair model. 74 Fibrocartilage formation, collagen orientation, and biomechanical strength were improved 2 weeks after transplantation. Another important source of multipotent stem cells is adipose tissue (adipose-derived stem cells (ADSCs)). Zuk et al. showed a favorable potential for augmenting rotator cuff repair with ADSCs. 75 Oh et al. were among the first to report the use of injected ADSCs in a rabbit subscapularis rotator cuff repair model and found better healing properties and histologically decreased fatty infiltration of the muscle. 76 Mora et al. used ADSCs with a collagen carrier in a rat supraspinatus repair model and demonstrated no improvement in the biomechanical properties of the tendon-to-bone healing, but the ADSC group showed less inflammation based on histologic analysis of the healing tissue. 77 Synovial-derived MSCs (SDMCs) appear to have better chondrogenic and proliferation potential compared with bone marrow, adipose, and musclederived cells 79 and have been reported to improve articular cartilage and meniscus healing. 80, 81 Therefore, they could be a desirable cell source for tendon and ligament restoration. Ju et al. implanted SDMCs into the graft-bone interface and found acceleration of collagen fiber formation. 82 Tendonderived stem cells (TDSCs) have been identified as an additional cell population in tendons and can be considered another source of MSCs. The multipotency of TDSCs were also characterized in torn human rotator cuff tendons. 83 Interestingly, a rare CD146 + tendon-resident stem cell population was identified in a rat patellar tendon. Subsequent to enrichment by connective tissue growth factor (CTGF), these cells demonstrated tenogenic differentiation. 84 Application of these cells in a patellar tendon repair model successfully led to tendon regeneration and functional restoration. Ligament-derived stem cells (LDSCs) are another emerging cell source. LDSCs were originally identified in the periodontal ligament, 85 with more recent literature showing LDSCs obtained from intraarticular ligaments. 86 Despite promising results from these studies on MSCs, the potential risk of tumorigenesis and gene mutation should be considered.
Potential advantage of endothelial cells in cell-based approaches for soft tissue repair in orthopedics
Major challenges to reestablish microarchitecture of native orthopedic soft tissue include the identification of the optimal healing factors, timing of delivery of these healing factors, and application of these factors to the site of repair through the use of scaffolds. As an example, regeneration of the native tendon-bone interface requires the complex and incompletely understood combination of cell-and scaffold-based approaches to successfully recreate this complex interface. In addition, it is known that mechanical factors are vital to the proper development of the tendon-bone interface-known as the enthesis [87] [88] [89] -a parameter that is especially difficult to control. The need for multiple biological factors and mechanical influences in combination with the specific composition, function, and mechanical properties of fibrocartilaginous entheses makes it extremely difficult to recreate this native construct. 90, 91 As we move forward in our quest to provide patients with better surgical outcomes, clinicians and investigators find themselves more interested in "regeneration," which implies restoration of native structures, rather than "repair," which suggests filling the gap in a tissue with a qualitatively and/or quantitatively better scar. Since regenerative and developmental processes have a lot in common, 92 modification of the reparative processes into a regenerative process presents a significant challenge.
Attempts to augment the repair strength have historically focused on restoration of the original microarchitecture or production of a more robust fibrotic tissue. A denser, larger scar will impart more strength to the repaired enthesis but does not provide the construct with the desirable material properties, including capability to handle repeated stress. This means that promotion of healing by inducing a larger, thicker scar will not necessarily culminate in better clinical outcomes, especially in the long term. Application of biologics has been an active area of research to explore strategies to direct the tendon-to-bone repair process along one or both of the abovementioned fates. Modern biologics have mainly concentrated on delivery of active molecules, such as various growth factors, including TGF-␤3, 93 ,94 cellular structures, or a combination thereof.
Several angiocrine factors have been examined for their effect on tendon or ligament healing. VEGF stimulates both angiogenesis and vasculogenesis. Exogenous VEGF injection to a repair site improves the biomechanical properties of repaired Achilles tendon in rat. 95 On the other hand, it was reported that graft strength and laxity in the VEGF treatment group were inferior to the control group. 96 PDGF-BB stimulates matrix synthesis and cell division. PDGF-BB administration has been reported to enhance tendon healing in a rat rotator cuff repair model. 97 There are many reports showing a positive effect of FGF2 (basic FGF) on tendon healing. 98 A principal challenge to the use of those growth factors and cytokines is identification of optimal delivery vehicles that will localize the factor to the repair site for a sufficient length of time and in the appropriate dose. 99 More importantly, healing is a highly complex process requiring the coordinated actions of many cytokines and signaling molecules, and thus application of a single exogenous cytokine is a limited approach.
Given the intricacy of regenerative mechanisms and many poorly or incompletely understood processes, it simply appears that application of factor X or cell Y is not enough to arrange the entire orchestra and, therefore, there is a need for a different approach. Previous studies have demonstrated the potential for ECs to act as an intelligent source of this trigger in visceral tissues. 7, 42 However, to date there have been no reported data on the effect of ECs on tendon and ligament healing. We are currently evaluating the effect of tendon-derived activated ECs (VeraVec cells; Fig. 2A ) on tendon healing using a mouse rotator cuff repair model (Fig. 2B) , with encouraging early results (Fig. 2C) . 100 We are currently working to elucidate the underlying cellular and molecular mechanisms through cell tracking and gene expression analysis.
Currently, many researchers focus more on stem cells than fully differentiated cells, but the advantages of a differentiated EC would be less risk of teratoma formation and possibly fewer ethical concerns compared with stem cells. Because ECs are known to secrete angiocrine factors in tissues with specialized function, it has been suggested that they could be a viable cell source for implantation. Accordingly, the possibility to trigger regenerative cellular and molecular pathways in the native cell populations, notably the quiescent stem cell niche, without the need to know what and when active molecules are needed sounds appealing. It has been reported that tissue-specific ECs are a source of developmental cues for hepatic 40 and pancreatic tissues. 101 Later, it was found that local ECs were also a source of regenerative signals in fully developed tissues. 7, 42 Subsequent investigations further elucidated that angiocrine factors play critical roles in repair and regeneration of adult lung and liver in a tissue-specific fashion. These discoveries suggest that tissue-specific ECs are a promising new approach to cell-based biologic treatment of tendon and ligament healing (Fig. 3) .
Conclusions
Fully differentiated ECs regulate proliferation and differentiation of the quiescent stem cell niche in visceral tissues, a process mediated through production of angiocrine factors and facilitated by a juxtaposed microanatomy. This discovery indicates that ECs hold great potential as a novel approach in cell-based biologics. The most important theoretical advantage of using ECs in biologics is the possibility of simulating and harnessing physiologic interactions between the stem cell niche and ECs to regenerate native microstructures. This phenomenon is particularly needed in biomechanically active orthopedic soft tissues, where restoration of the original microarchitecture is of utmost importance.
